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Infection of permissive insect hosts by the baculovirus Autographa californica M nucleopolyhedrovirus results in lique-
faction, a pathogenic effect that enhances the dispersal of progeny virions. Two viral gene products—a protease, V-CATH,
and a chitinase, chiA—have been shown to be required for liquefaction to occur. It has been generally accepted that the
primary functions of these proteins is to degrade the proteinaceous and chitinous components of the host cadaver,
respectively. We have generated suggestive evidence, however, that chiA may also serve as a molecular chaperone for
proV-CATH, the precursor of V-CATH. When cells were infected with virus lacking a functional chiA gene, proV-CATH failed
to undergo processing in vivo and in vitro and formed insoluble aggregates in the endoplasmic reticulum of infected cells.
Thus, expression of chiA may be required for the proper folding of the nascent V-CATH polypeptide in the endoplasmic
reticulum. Identical results were obtained when tunicamycin was used to block N-linked glycosylation in cells infected with
wildtype virus, suggesting that the putative chiA/V-CATH interaction is mediated by N-linked oligosaccharides. © 2000
Academic Press
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Autographa californica M nucleopolyhedrovirus (AcM-
NPV) is a large, enveloped virus containing a circular,
double-stranded DNA genome. AcMNPV is the type spe-
cies of the family Baculoviridae (Volkman et al., 1995),
and it infects a select range of lepidopteran species,
including a number of significant agricultural pests. Lep-
idopteran larvae typically become infected by ingesting
plant material contaminated by virus in the form of oc-
clusion bodies (also called polyhedra). The occlusions
dissolve in the midgut lumen and the liberated occlu-
sion-derived virions (ODV) establish infection in the mid-
gut epithelium (Volkman, 1997). A second morphotype of
the virus, called budded virus (BV), then spreads the
infection to other host tissues (Volkman, 1997). Infected
cells comprising these tissues subsequently produce
additional BV and then, later in infection, they produce
ODV and polyhedra.
The end of infection is marked by a dramatic liquefac-
tion or “melting” of the host cadaver, in which the insect
corpse is reduced to an amorphous mass of viscous,
virus-laden fluid (Volkman and Keddie, 1990). By this
process, the dispersal of progeny virions and the hori-
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178zontal transmission of infection are facilitated. The cat-
erpillar becomes flaccid and its cuticle extremely friable,
rupturing under the slightest pressure. Melanization of
the cuticle and internal tissues is also observed as
liquefaction of the organs and connective tissues pro-
ceeds.
Genetic analysis has identified two gene products
encoded by AcMNPV which are thought to be directly
involved in liquefaction of the insect host: V-CATH, a
cysteine protease (Slack et al., 1995), and chiA, a chiti-
nase (Hawtin et al., 1997). V-CATH is a viral homolog of
the lysosomal cysteine protease, cathepsin L. It accumu-
lates within infected cells as an inactive proenzyme
(proV-CATH), which is activated by proteolytic cleavage
upon cell death (Hom and Volkman, unpublished). Acti-
vation (cleavage) of proV-CATH also may be effected in
vitro by incubation in acidic media (Bro¨mme and Oka-
moto, 1995) or by treatment with sodium dodecyl sulfate
(SDS) (Hom and Volkman, 1998). ProV-CATH is a glyco-
protein (Slack et al., 1995), containing two potential gly-
cosylation sites: one in the proregion (Asn65) and a
second in the sequence of the mature protease (Asn158).
V-CATH digests the proteinaceous components of the
insect cadaver during liquefaction, including the internal
organs as well as the protective sheath of protein sur-
rounding the chitinous elements of the cuticle (Smith et
al., 1981). Larvae infected with virus lacking a functional
v-cath gene (cath2 virus) do not undergo melanization
and remain fully intact following death (Slack et al., 1995).chiA is a late viral gene product targeted to the endo-


















179AcMNPV chiA IS REQUIRED FOR PROCESSING OF V-CATH1998). It is generally held that the primary role of chiA in
the host insect is to degrade cuticular chitin at the end of
the infection process. Consistent with this hypothesis is
the observation that caterpillars infected with virus lack-
ing a functional chiA gene (AcchiA2 virus) do not un-
ergo liquefaction (Hawtin et al., 1997). However, inacti-
ating chiA appeared to have effects beyond preserva-
tion of the cuticle: caterpillars killed by this virus
remained fully turgid and retained normal coloration,
implying that degradation of the internal tissues by V-
CATH had not occurred.
Here we report evidence for an alternative function for
the chiA gene product, that it is required for the correct
processing of proV-CATH and, hence, V-CATH. In the
absence of functional chiA, proV-CATH formed nonfunc-
tional insoluble aggregates in the endoplasmic reticu-
lum, suggesting a possible role for chiA as a molecular
chaperone. The putative interaction between chiA and
proV-CATH may be mediated by terminal N-acetyl glu-
cosamine (GlcNAc) residues contained in the N-linked
oligosaccharides present on proV-CATH, because block-
ing the addition of these oligosaccharides with tunica-
mycin resulted in the formation of insoluble aggregates
of zymogen.
RESULTS
Inactivation of the chiA gene
We disrupted the chiA gene in AcMNPV by replacing
the 0.7-kilobase HindII–SacII fragment of chiA with the
Escherichia coli lacZ gene under the control of the Dro-
sophila hsp70 promoter, which supports constitutive ex-
pression in lepidopteran cells (Engelhard et al., 1994).
Heliothis virescens larvae infected with this chiA2 virus
designated X2DZ1 virus) did not undergo liquefaction
following virus-induced death. Dissection of the de-
FIG. 1. proV-CATH processing in cells infected with wildtype or
X2DZ1 virus. Cell lysates were prepared from Sf9 cells infected with
wildtype (wt) AcMNPV or X2DZ1 virus and analyzed by Western blot.
E-64 was included in cell lysis buffer to prevent induction of cleavage
of proV-CATH by SDS. Numbers on top indicate hours postinfection
(h.p.i.). Molecular weights of protein standards are indicated on the left.
V-CATH and proV-CATH are identified.ceased insects revealed that the internal tissues re-
mained intact (data not shown). The pathology of addi-tional larvae infected with the chiA-deficient AcchiA2
virus was identical, results that were in agreement with
previously published observations (Hawtin et al., 1997).
To ensure that no mutations had been accidentally
introduced into the v-cath gene during production of the
recombinant virus, a segment of the X2DZ1 genome
containing the complete v-cath gene was sequenced. No
mutations were found (data not shown). In addition, a
revertant virus (X2DZ1rev) was produced to verify that no
other viral genes had been disrupted; larvae infected
with this revertant underwent liquefaction in a manner
indistinguishable from that of wildtype virus (data not
shown).
proV-CATH processing in X2DZ1-infected cells
In cells infected with wildtype AcMNPV, V-CATH was
stored as the inactive proenzyme (proV-CATH) (Fig. 1).
Cleavage of proV-CATH to the mature (active) form oc-
curred approximately 3–4 days postinfection (d.p.i.). In
contrast, when cells were infected with X2DZ1 virus, no
cleavage of proV-CATH was observed. Identical results
were obtained with AcchiA2 virus (data not shown). Also,
ells infected with X2DZ1rev virus displayed normal,
ildtype processing of proV-CATH (data not shown).
Cleavage of proV-CATH produced by cells infected
ith wildtype AcMNPV could be induced in vitro by the
ddition of SDS (Fig. 2). Treating lysates of cells infected
y X2DZ1 virus with SDS revealed that, in addition to
emaining unprocessed after cell death, cleavage of
roV-CATH produced in these cells could not be induced
y SDS, either. However, partial restoration of the ability
o be processed could be achieved by coinfecting cells
ith both X2DZ1 and cath2 virus. In addition, whereas
roV-CATH was normally found in the NP-40-soluble
raction of infected cell lysates (Fig. 3), the proV-CATH in
2DZ1-infected cells formed an insoluble aggregate that
as found in the pellet. Again, partial rescue of the
FIG. 2. SDS-induced cleavage of proV-CATH produced by X2DZ1-
infected cells. Lysates were prepared from Sf9 cells infected with
wildtype (wt), cath2 (c2), or X2DZ1 (X2) virus, or both cath2 and X2DZ1,
48 h.p.i. SDS-treated (right) or untreated (left) samples were analyzed
by Western blot. V-CATH and proV-CATH are identified. Molecular









180 HOM AND VOLKMANprotease could be achieved by coinfecting cells with
both X2DZ1 and cath2 virus.
proV-CATH processing in tunicamycin-treated cells
When cells infected with wildtype AcMNPV were
treated with tunicamycin to block N-linked glycosylation,
no proteolytic processing of proV-CATH was observed
(Fig. 4), nor could the cleavage of proV-CATH produced in
these cells be induced by treatment with SDS (Fig. 5). As
was the case with proV-CATH produced in X2DZ1-in-
fected cells, this nonglycosylated proV-CATH formed ag-
gregates of insoluble protein (Fig. 6).
Deglycosylation of proV-CATH
Treatment of infected cell lysates with peptidyl N-
glycosidase F (PNGase F) resulted in the deglycosylation
of proV-CATH (Fig. 7). Deglycosylation appeared to be
complete, based on the similar apparent molecular
weights of PNGase F-treated proV-CATH and proV-CATH
produced in tunicamycin-treated cells. Addition of SDS to
PNGase F-treated proV-CATH led to the successful
cleavage of the deglycosylated proenzyme. Notably, the
apparent molecular weights of mature V-CATH in PN-
FIG. 3. Solubility of proV-CATH produced by X2DZ1-infected cells.
ells infected with wildtype (wt), cath2 (c2), or X2DZ1 (X2) virus, or both
ath2 and X2DZ1, were harvested 48 h.p.i. in cell lysis buffer containing
.5% NP-40. The soluble (S) and pelleted (P) fractions of the lysates
ere then analyzed by Western blot using anti-V-CATH antiserum.
FIG. 4. Processing of proV-CATH in tunicamycin-treated cells. Cells
were infected with wildtype virus and grown in the presence of tuni-
camycin. Samples were harvested 24–120 h.p.i. and analyzed by West-
ern blot using V-CATH antiserum. Molecular weights of protein stan-
dards are indicated on the left.Gase F-treated and untreated lysates were identical,
implying that only Asn65 in the proregion was glycosy-
lated, and that Asn158 in the mature enzyme sequence
was not.
DISCUSSION
It has long been held that the AcMNPV chiA gene
product functions primarily in the digestion of chitin in
the cuticle of larvae during host liquefaction. Consistent
with this view is the finding that caterpillars infected with
chiA2 viruses do not melt. Here we provide suggestive
evidence for an additional role for the chiA protein, that of
molecular chaperone in the folding and/or transport of
proV-CATH, the precursor of the baculovirus protease.
proV-CATH produced in cells infected with chiA-deficient
X2DZ1 virus formed insoluble aggregates in the endo-
lasmic reticulum and failed to undergo processing
hen it is normally observed, after cell death. This proV-
ATH was not cleaved upon exposure to SDS, which is
nown to induce processing of the zymogen in lysates of
FIG. 5. SDS-induced cleavage of proV-CATH produced in tunicamy-
cin-treated cells. Cells were infected with wildtype AcMNPV and grown
in the presence (1TM) or absence (2TM) of tunicamycin. At 48 h.p.i.
cells were harvested and the samples were either left untreated
(2SDS) or treated (1SDS) with SDS to induce cleavage of proV-CATH
prior to addition of E-64 and analysis by Western blot using V-CATH
antiserum.
FIG. 6. Solubility of proV-CATH produced in tunicamycin-treated
cells. Cells infected with wildtype virus and grown in the presence
(1TM) or absence (2TM) of tunicamycin were harvested 48 h.p.i. in cell
lysis buffer containing 0.5% NP-40. The soluble (S) and pelleted (P)
















181AcMNPV chiA IS REQUIRED FOR PROCESSING OF V-CATHcells infected with wildtype virus. Evidence provided by
Hawtin et al. (1997) and Thomas et al. (2000), however,
suggests that V-CATH activity can be rescued in extracts
of AcchiA2 virus-infected cells by incubation in acidic
edia. In agreement with previously published results, at
east partial rescue of proV-CATH processing could be
ffected by coinfecting cells with both X2DZ1 and cath2
virus (Hawtin et al., 1997).
It appears, therefore, that chiA is involved in the pro-
cessing of proV-CATH, most likely during the folding of
the nascent polypeptide following translocation into the
ER. This could explain why chiA specifically contains an
ER retention signal (Thomas et al., 1998), rather than a
sequence that targets the enzyme for storage in a more
typical downstream compartment.
Like its cellular homolog, procathepsin L, proV-CATH
is known to contain N-linked glycosides (Slack et al.,
1995), and it is through these carbohydrate moieties that
it may interact with chiA. Nonglycosylated proV-CATH
produced in cells infected with wildtype virus and treated
with tunicamycin did not undergo processing during in-
fection, nor was cleavage induced by treatment with
SDS. As with proV-CATH produced in X2DZ1-infected
ells, nonglycosylated proV-CATH formed aggregates of
nsoluble protein. In vitro deglycosylation of proV-CATH
roduced during normal infection by wildtype virus did
ot impair the ability of the proenzyme to be cleaved,
uggesting that glycosylation plays a critical role in the
olding of V-CATH, but not in the stability of the folded
nzyme. This is in contrast to procathepsin L, which is
ble to fold properly regardless of its glycosylation state
Kane, 1993).
The presence of terminal N-acetylglucosamine (Glc-
Ac) residues on glycoproteins produced in insect cells
as previously reported (Marz et al., 1995; Jarvis, 1997),
FIG. 7. SDS-induced cleavage of deglycosylated proV-CATH. Cells
were infected with wildtype virus and harvested 48 h.p.i. PNGase F was
added to an aliquot of lysate to remove N-linked oligosaccharides from
the constituent proteins. SDS was then added to the PNGase-treated
and untreated samples to induce cleavage of deglycosylated and
glycosylated proV-CATH. Nonglycosylated proV-CATH produced by
cells treated with tunicamycin (TM) is included for reference. ProV-
CATH and V-CATH are identified.and these GlcNAc residues, the constituents of chitin,
may provide the basis for recognition by chiA. chiA maybind these residues in nascent V-CATH polypeptide
chains to prevent aggregation, and slow hydrolysis of
these sugars by chiA, or a separate glucosaminidase,
could effect the release of V-CATH as it completes fold-
ing. In this model prematurely released V-CATH could be
reglycosylated and bound again by chiA until the correct
conformation is achieved.
A similar pattern of glycosylation, binding, and folding,
followed by hydrolysis and release, is thought to occur
during the assisted folding of proteins by the molecular
chaperones calnexin and calreticulin (Ellgaard et al.,
1999). In that system, polypeptides with terminal glucose
residues are bound in the ER by either calnexin or cal-
reticulin, or both, preventing aggregation and allowing
interaction with other facilitative proteins such as thiol
oxidoreductases. Cleavage of the terminal glucose by a
resident glucosidase then induces dissociation of the
complex. If the protein is correctly folded, then it may
leave the ER, whereas proteins which are not correctly
folded are reglycosylated and bound again by calnexin
or calreticulin for further processing. Although the mo-
lecular bases for their activities vary, other proteins with
chaperone-like activity are reportedly encoded by a num-
ber of viruses, such as herpesviruses (Li et al., 1997) and
bacteriophage T4 (Burda and Miller, 1999).
We have shown that both in the absence of functional
chiA and in the absence of glycosylation activity, pro-
cessing of proV-CATH is inefficient, as evidenced by its
tendency to form insoluble aggregates of inactive pro-
tein. These results suggest an essential role for chiA
during infection as a molecular chaperone for proV-
CATH. Disruption of the chiA gene interfered not only
with digestion of chitin in the cuticle but also with the
degradation of the internal organs and tissues.
Our findings raise numerous questions concerning the
interactions and relationship between chiA and proV-
CATH. It has yet to be determined, for example, whether
direct interaction actually occurs between chiA and proV-
CATH and, if so, whether the interaction requires addi-
tional host or viral proteins. It is also not clear whether
proV-CATH is the only gene product that requires the
presence of chiA; there may be additional proteins en-
coded by AcMNPV that require the assistance of chiA as
well. The answers to these questions remain outstand-
ing and merit further investigation.
MATERIALS AND METHODS
Cells and virus
Spodoptera frugiperda (Sf9 and Sf21) cells were grown
in suspension in Vaughn’s modified Grace’s medium
(JRH Biosciences, Lenexa, KS) supplemented with 10%
fetal bovine serum (Gemini BioProducts, Calabasas, CA)
and 0.1% Pluronic F-68. AcMNPV wildtype (strain L1) (Lee
2 2and Miller, 1978), AcchiA (Hawtin et al., 1997), X DZ1






































182 HOM AND VOLKMANwere propagated in adherent Sf9 cultures and titered by
immunoplaque assay (Volkman and Goldsmith, 1982). All
reagents were purchased from Sigma Chemical Com-
pany (St. Louis, MO), except as noted.
Production of chiA-deficient virus
The AcMNPV BamHI-E fragment containing the com-
plete chiA and v-cath genes was inserted into the BamHI
site of pBluescriptSK1 to generate pSK1BamHI-E. The
XbaI–BamHI fragment of pAcDZ1 containing the E. coli
lacZ gene under the control of the hsp70 promoter from
Drosophila was inserted into pBluescriptKS1 to yield
pKS1DZ1. The HindIII–SacII fragment of pKS1DZ1 con-
aining the hsp70/lacZ cassette was ligated into
SK1BamHI-E to replace the HindIII–SacII fragment of
hiA (covering approximately one-half of the gene),
hich includes the putative active site of the enzyme,
esulting in the transfer vector pSK1X2DZ1. To produce
the chiA-deficient X2DZ1 virus, Sf9 cells were cotrans-
ected with genomic wildtype AcMNPV DNA and
SK1X2DZ1. X2DZ1 virus was purified by overlaying cul-
tures with agarose medium containing X-gal and select-
ing for blue plaques over two courses of plaque purifi-
cation, followed by two rounds of endpoint dilution.
To verify the integrity of the v-cath gene in the recom-
binant virus, a fragment of BamHI-digested X2DZ1
enomic DNA containing the complete v-cath gene was
igated into pBluescriptKS1 and subjected to automated
DNA sequencing. In addition, a revertant virus was pro-
duced by cotransfecting Sf9 cells with X2DZ1 genomic
NA and pSK1BamHI-E, and selecting for white plaques
in the presence of X-gal.
Time-course study of proV-CATH processing
Sf9 cells were allowed to settle in tissue culture dishes
for 1 h prior to infection with virus (multiplicity of infection
[m.o.i.] 5 10). Cells were incubated with viral inoculum
on a rocking platform for 1 h. The inoculum was then
removed and replaced with fresh medium with or without
tunicamycin (5 mg/ml). At the appropriate time postinfec-
tion, the cells were resuspended by gentle pipeting. The
cells were pelleted by centrifugation for 5 min at 1000 g
and resuspended in cell lysis buffer (25 mM Tris, pH 7.5,
100 mM NaCl, 0.5% [v/v] Nonidet-P40 [NP-40], 30 mg E-64
[Boehringer-Mannheim, Indianapolis, IN] per ml).
One-third volume of 43 SDS–PAGE sample buffer (200
mM Tris, pH 6.8, 8% [w/v] SDS, 400 mM dithiothreitol,
20% [v/v] glycerol, 0.1% bromphenol blue, 30 mg E-64 per
ml) was added to each sample. After boiling for 5 min,
the samples were loaded on a 12% polyacrylamide gel
for electrophoresis. Following separation, the proteins
were transferred to Immobilon P membrane (Millipore,
Bedford, MA) for Western blot analysis.The blots were incubated for 1 h in blocking buffer
(Tris-buffered saline [TBS], 0.5% NP-40, 0.1% Tween 20,0.5% bovine serum albumin, 2.3% nonfat dried milk, 0.01%
thimerosal), followed by a 1.5-h incubation in V-CATH
antiserum (Slack et al., 1995) diluted in blocking buffer
1.5:2000). After a 15-min rinse in TBS, the blots were
ncubated for 1 h in horseradish peroxidase-conjugated
nti-rabbit antibody (Bio-Rad, Hercules, CA) diluted
:3000 in blocking buffer. Antibody binding was detected
sing tetramethylbenzidine membrane substrate (Kirke-
aard and Perry Laboratories, Gaithersburg, MD).
olubility of proV-CATH
Sf9 cells were infected with wildtype X2DZ1 or cath2
virus as described above or with both X2DZ1 and cath2
(m.o.i. 5 10 for each virus). For studies of nonglycosy-
ated V-CATH, cells were infected with wildtype virus and
hen placed in medium with or without tunicamcin (5
mg/ml). At 48 h postinfection (h.p.i.), the cells were har-
vested in cell lysis buffer as above, except that E-64 was
excluded. Aliquots of each sample were collected for
activation by SDS. To each aliquot, a one-tenth volume of
5% SDS was added at room temperature to initiate acti-
vation. After agitation of each aliquot on a vortex mixer
for several seconds, E-64 was added to a final concen-
tration of 30 mg/ml to halt activation. The remainder of
ach sample was centrifuged 5 min at 5000 g to separate
he soluble and insoluble components. The soluble frac-
ion was set aside and the insoluble fraction was resus-
ended in an equal volume of cell lysis buffer. E-64 was
hen added to all samples to 30 mg/ml. All samples were
nalyzed by Western blot as described above.
leavage of deglycosylated proV-CATH
Cells were infected with wildtype virus as described
bove. At 48 h.p.i., the cells were resuspended by gentle
ipeting and pelleted by centrifugation for 5 min at 1000
. The cells were solubilized in cell lysis buffer and
entrifuged for 10 min at 15,000 g, and the supernatant
emoved and placed in a fresh tube. Aliquots of super-
atant were then incubated in cell lysis buffer with or
ithout 250 units peptidyl N-glycosidase F (PNGase F;
ew England Biolabs, Beverly, MA) at 37°C for 30 min.
ne-tenth volume 5% SDS was then added to half of the
amples to activate V-CATH. The samples were then
nalyzed by Western blot, as described above.
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